Apolipoprotein E (ApoE), and especially its e4 isoform, is considered a risk factor predisposing to coronary heart disease. We hypothesized that the absence of e4 allele offers a better chance for longer life. So we compared the prevalence of ApoE genotypes in 80 healthy aged individuals (HAI) (.80 years) and 391 Greek adults (median age 43 years) with ApoE genotype distribution consistent with the Hardy-Weinberg equilibrium (v 2 ¼ 5.93, p . .05). ApoE genotypes were comparable in both groups with the exception of E3/3 and E3/4, which were significantly higher (87.50% vs 75.99%, p ¼ .025) and lower (5.00% vs 13.19%, p ¼ .036), respectively, in HAI. The e2 and e3 allele frequencies were not different between the groups. The e4 allele was significantly less frequent in HAI compared to controls (3.1% vs 8.58%, p ¼ .020). Our results indicate an unfavorable effect of e4 allele on longevity that may be attenuated by environmental and/or other genetic factors.
A POLIPOPROTEIN E (ApoE) (for protein) is a polymorphic glycoprotein that mediates the binding of lipid particles to specific lipoprotein receptors. A 4-exon gene located on the long arm of chromosome 19 encodes ApoE. Three major isoforms of ApoE-E2, E3, and E4-result from different amino acid substitutions at positions 112 and 158 in the 299-amino-acid protein. ApoE isoforms are encoded from separate alleles denoted, respectively, as e2, e3, and e4, which form three homozygous genotypes (E4/4, E3/3, and E2/2) and three heterozygous genotypes (E4/3, E4/2, and E3/2) (1,2). ApoE is synthesized predominantly in the liver but is also expressed in significant amounts in the brain, being important for membrane maintenance and repair (3) . ApoE has been one of the most thoroughly studied genetic polymorphisms, particularly for its effects on lipid profile and coronary heart disease (CHD) risk. In comparisons made to determine risk, the homozygous E3/3 genotype is used as the referent.
Cardiovascular disease is today the main cause of both premature death and incapacity. It is generally accepted that the main risk factors for atherosclerosis, such as dyslipidemia, hypertension, and diabetes mellitus, are at least partially gene-controlled (4) . Many studies have indicated that genes coding for different plasma apolipoproteins, including the allelic variants of the APOE gene, may be associated with an increased risk for cardiovascular disease (5) (6) (7) (8) . ApoE polymorphism has been considered a risk factor for predisposition to CHD. Although older studies had shown apparently conflicting results (9,10), a recent meta-analysis of 46 studies demonstrated that e4 allele is a significant risk factor for CHD, whereas e2 allele has no effect (11) . The increased risk for CHD is attributed to higher total serum cholesterol and low-density lipoprotein cholesterol levels (2) .
Recent evidence indicates that the absence of e4 allele seems to be a favorable survival factor. If this is the case, the frequency of e4 allele in healthy aged individuals would be expected to be lower compared to its distribution in the general population due to anticipated increased prevalence of CHD at an earlier age. This hypothesis was assessed in our study by examining the frequency of ApoE genotypes and alleles in a sample of healthy aged individuals and comparing it with the distribution of ApoE genotypes and alleles in a randomly selected population based sample of Greek adults.
METHODS

Participants
For the study of distribution of APOE genotypes and alleles in the population, a random sample of healthy adults was enlisted from a survey that was conducted in the region of Thessaly from 2001 through 2003. The goal of the survey was to gain insights into the prevalence of obesity and its metabolic consequences in adult Greeks. This group consisted of 391 individuals (194 men and 197 women; median age 43 years, range 19-60 years) and was used as a control group. Enrolling in the control group individuals younger than 60 years, we avoided a bias on the normal distribution frequency of ApoE genotypes due to increased CHD incidence and mortality rates in the Mediterranean area after the age of 60 years (12) . A second group of healthy individuals older than 80 years was also recruited from the same region. This group consisted of 80 healthy persons (38 men and 42 women; median age 84 years, range 80-95 years) who were physically and mentally active. Individuals older than 80 years with diabetes mellitus (persons with fasting blood glucose . 7.0 mmol/L [125 mg/ dL], known cardiovascular disease, chronic renal failure, liver disease, or dementia were excluded from the study). Hypertension regulated satisfactorily with antihypertensive therapy was not an exclusion criterion. All participating individuals were of Greek origin.
All participants included in the present study underwent a thorough physical examination, and a detailed personal medical history was drawn up. Participants on regular medication were asked to bring all of their medications with them. From each individual a blood sample was obtained for DNA extraction and APOE genotyping. APOE genotyping was done blindly in the participants in both groups. Outcome was assessed without knowledge of individual APOE genotype or health status, and clinical and genetic tests were submitted independently for statistical analysis.
ApoE Genotyping
For ApoE genotyping, one pair of primers was designed: sense primer sequence: 59 ACAGAATTCGCCCCGGCC TGGTACAC 39; antisense sequence: 59 TAAGCTTGGCA CGGCTGTCCAAGGA39 (13) . This pair, of 26 and 25 bp primers, amplifies a 244 bp fragment in exon 4 of the ApoE gene on chromosome 9. Polymerase chain reaction (PCR) was carried out on 50-100 ng of genomic DNA with 0.2 U of Taq polymerase (Gibco, Invitrogen Gmbh, Karlsruhe, Germany) in a 50lL final volume containing 20 mM TrisHCl (pH 8.4), 50 mM KCl, 3 mM MgCl, 10 pM each primer, 0.2 mM dNTPs, 10% (vol/vol) dimethyl sulfoxide (DMSO; Merck, Darmstadt, Germany) over 35 cycles at 948C for 1 minute, then 608C for 2 minute (two steps PCR) on a thermocycler (Hybaid, Ashford, UK). PCR product was visualized under UV light on 1.5% agarose NuSieve (FMC Bioproducts, Rockland, ME). Digestion of the 244 bp PCR product with restriction enzyme Hhal (overnight at 378C) produced fragments of 91, 83, 72, 48, and 35 bp, which were readily resolved by vertical electrophoresis on 8% acrylamide (Acryl/Bis 19:1) and visualized under UV light (312 nm) after staining with ethidium bromide. APOE alleles from individuals from both groups were determined. Participants were classified as e2, e3, and e4 carriers. Our Ethics Committee approved the study protocol, and written informed consent was obtained from all participants.
Statistical Analysis
The genotypic distribution of the controls was tested for the Hardy-Weinberg equilibrium (HWE) using the chisquare test. The association between groups and genotypes or alleles was tested using the one-tailed Fisher's exact test. Statistical significance was assumed for p , .05. GraphPad InStat statistical package (version 3) for Windows was used.
RESULTS
The distribution of ApoE genotypes is shown in Table 1 . In the group selected randomly from the population, E3/3 was the most common genotype (relative frequency of 75.99%), followed by E3/4 (13.19%), E2/3 (7.92%), E4/4 (1.58%), E2/4 (0.79%), and E2/2 (0.53%). The distribution of ApoE genotypes in the controls was consistent with the HWE (v 2 ¼ 5.93, p . .05), indicating the lack of structure. In the group of 80 healthy aged individuals, the most common genotype was also E3/3 (87.5%), followed by E3/4 (5%), E2/3 (3.75), E2/2 (2.5%), and E2/4 (1.25%); the E4/4 genotype was not found. The frequency of genotypes in the healthy aged group was comparable to that in the control group.
The relative frequencies of APOE alleles in the control group and the healthy aged individuals are shown in Table  2 . The e4 allele was significantly less frequent in healthy aged individuals compared to the population-based sample (3.1% vs 8.58%, respectively; p ¼ .020). The frequency of e2 allele was not different between the groups, whereas in the healthy aged individuals, the higher frequency of e3 allele (compared to that in the control group) did not attain statistical significance (91.90% vs 86.54%, respectively; p ¼ .066).
DISCUSSION
Recent studies have demonstrated that the relative frequencies of the three alleles (e2, e3, and e4) of APOE are variable among different populations. The e3 allele seems to be equally distributed among different populations (between 77% and 88%), with the exception of Africans who have a lower frequency (66%-67%) (14, 15) . Genotype E3/3 is used as the referent for the risk estimation of the different ApoE isoforms. The frequency of e3 allele in our randomly selected control group (n ¼ 391, median age 43 years) was in the upper range of the frequencies found in non-African populations.
In contrast to that of e3 allele, the distribution of e4 among different populations is not so uniform. European Caucasian populations tend to have a geographic cline from north to south (15) . Studies in Italians and French populations have shown that the frequency of e4 allele ranges between 9% and 12% (15) (16) (17) , whereas in Northern Europeans (Finns and Germans) it ranges between 14% and 19% (15) . Our data showed that the e4 allele frequency was lower (8.58%) than that found in French and Italian persons, and the same was observed regarding e2 allele (4.88%). The frequency of e2 allele in French and Italian populations is between 7% and 8% (16, 17) .
The e2 and e3 allele frequencies were comparable to those previously reported in one group of 216 Greek blood donors (14) , but not in another study of 240 Greek adults with a mean age of 23 years (18) . However, the e4 allele frequency was different in our study, being in between the frequencies presented by the other studies.
This discrepancy may be attributed to difference in age, bias in the sample selection, or genotyping. The authors of the earlier studies did not report if the distribution of ApoE genotypes was consistent with the HWE.
The frequencies of e2, e3, and e4 alleles vary among individuals and are indicators for metabolic effects (19) . The e3 allele is considered to be the normal allele, and its variation provided little information about traditional risk factors (20) . Low total serum cholesterol is attributed to e2 allele (2) and is associated with a low risk of stroke in aged adults (10) . Conversely, the increased frequency of e4 allele is a significant risk factor for CHD and Alzheimer's disease (AD) and has also been associated with adverse effects in the lipid profile (18, (21) (22) (23) . Moreover, the allele e4 isoforms promote deposition of amyloid b-protein, which is known to damage cells by producing superoxide radicals (24) . The deposition of amyloid in the brain is considered to be responsible for the brain damage in AD. The frequency of e4 allele in the population appeared to be affected by multiple factors, including those of age, ethnicity, and the region from which the sample was selected. Several studies have shown no evidence indicating that the predictive power of ApoE polymorphism is sex-related (8, 25) .
Growing evidence indicates that ApoE is a strong independent risk factor for macrovascular disease. A recent meta-analysis of 48 relevant studies has shown that the e4 allele is a significant risk factor for CHD (11) , and the same was found in a recent large longitudinal study (26) . ApoE4 carriers had an increased risk for cerebrovascular disease and stroke as compared to carriers of the e3 allele (27) . Variation in the e4 allele frequency predicted approximately 75% of the interpopulation variation in CHD mortality rate and 40% of CHD mortality rate after adjustment for lowdensity lipoprotein cholesterol levels (20) . Moreover, e4 allele has been associated with other pathologic conditions, including AD (23), carcinoma of the proximal colon (28) , and breast cancer (29) . Therefore, e4 allele seems to play an important role in successful aging due to its inverse association with decreased longevity.
The existence of a biologic link between CHD and AD has been suggested because both diseases share common risk factors, including genetic ones (30) . CHD-induced low cardiac output, cerebral hypoperfusion, and microembolization may accelerate neurodegenerative disorders, which characterize AD. The clinical relevance of this plausible link has not been proved in a recent population-based study (31) . However, other recent data (32) are discrepant, suggesting a positive association.
As previously has been stated, we have enrolled only healthy persons in the aged group. Our task was to see the e4 allele frequency specifically in aged healthy and active (physically and mentally) individuals. The fact that some aged e4-homozygous individuals ''escape'' the ''e4 effect'' (30) raises the possibility that other factors (genetic and environmental) may modify the ApoE-related risk. Moreover, e4 allele as a risk factor seems to express its deleterious effects on the cardiovascular system in early middle age, and significantly loses its importance in Caucasians after the age of 80 years (33) . Similarly, the e4 effect in AD is age-specific, with its peak effect observed at around 70 years of age (30) .
In the healthy individuals older than 80 years, we found that e4 allele frequency was significantly lower compared to e4 allele frequency in healthy individuals younger than 60 years (3.1% vs 8.58%, respectively; p ¼ .020). The decrease of e4 allele frequency in the healthy aged individuals was reflected by an increase (though not a significant one) of e3 allele. The appreciably lower prevalence of e4 allele in the healthy aged participants may be attributed to better survival of individuals carrying the other alleles (e2 and e3). APOE e4 allele is associated with increased total cholesterol levels (2). It has been estimated that ApoE polymorphism may account for 2%-11% of the total variation in serum or plasma cholesterol levels in apparently healthy white persons (2) . In contrast to e4 allele, it was found that e2 allele is associated with decreased total cholesterol levels (34), thereby exerting a protective effect on the cardiovascular system. The comparable frequencies of e2 allele in both groups of our study do not prove the above notion. Moreover, in a recent meta-analysis (11), it was found that e2 allele has no effect on CHD development.
The lower prevalence of e4 allele in healthy longer living individuals does not indicate that this allele is unique in determining individual life expectancy. Such factors as hypertension, obesity, and diabetes mellitus are additional determinants that may modulate the CHD risk. It has been suggested that a healthy lifestyle could decrease the undesirable effects of e4 allele on the lipid profile (35) and hence alleviate its risk. Therefore, the APOE allele frequency analysis in different populations cannot be regarded as an accurate indicator of the exact relationship with the serious health risk without taking into account more regional characteristics. ''Regional'' studies seem to be of importance in obtaining a clearer image of the relationship of apoE polymorphism with a patient's diet and lifestyle as well as with other local environmental factors.
Conclusion
The distribution of APOE alleles in Greek adults appears to be similar to that observed in other southern European populations. APOE e4 allele frequency was found significantly lower in healthy individuals older than 80 years, indicating that the absence of this allele is a factor that among others favors longevity. The interplay between genetic and environmental factors may be responsible for the variation of unfavorable effect of e4 allele in aged populations.
